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A mechanism for toxin insertion into membranes is suggested by
the crystal structure of the channel-forming domain of colicin E1
Patricia Elkins†, Amy Bunker, William A Cramer and Cynthia V Stauffacher*
Background: Channel-forming colicins, including colicin E1, are a sub-family of
bacteriocins. The toxic action of colicin E1 is derived from its ability to form a
voltage-gated channel, which causes depolarization of the cytoplasmic
membrane of sensitive Escherichia coli cells. In this process, the toxin-like colicin
E1 molecule must undergo a substantial structural transition from a soluble state,
in which it binds the target cell, to a membrane-bound state. Details of the
structural changes that accompany this conversion may be directly applicable to
other channel-forming toxins, as well as to the mechanism by which proteins
insert into or cross membranes.
Results: The structure of the 190-residue channel-forming domain of colicin E1 in
its soluble form has been solved at 2.5Å resolution. This structure contains 10a
helices arranged in three layers (A–C) with a central hydrophobic helical hairpin in
layer B, which is proposed to anchor the membrane-bound form in the bilayer. The
extended N-terminal helix I provides a connection to the rest of the colicin E1
molecule, and the loop I–II may act as a hinge for re-orientation of the domain for
membrane binding. A set of conserved positively charged residues on layer C may
provide the docking surface on the molecule for membrane attachment. A large
internal cavity between layers B and C may allow these layers to disengage,
suggesting a mechanism for unfolding the molecule on the membrane that involves
the perturbation of the interhelical hydrophobic interactions in layer C.
Conclusion: On the basis of the structure of the colicin E1 channel-forming domain,
its comparison with the structure of the colicin A domain and the known requirement
for initial electrostatic and subsequent hydrophobic interactions, molecular details of
the docking, unfolding and insertion of the channel-forming domain into the
membrane are proposed. The model for docking and initial interaction with the
membrane positions the hydrophobic hairpin ‘anchor’ approximately parallel to the
membrane surface. Hydrophobic interactions in the docking layer may then be
displaced by interactions with the membrane, spreading the helices on the surface
and exposing the hydrophobic hairpin for insertion into the membrane.
Introduction
Colicins are a class of bacteriocins found in more than a
third of Echerichia coli strains that exhibit several types 
of lethal action, including inhibition of DNA or protein
synthesis and depolarization of cellular membranes [1].
Channel-forming colicins are a subfamily of toxins that de-
energize a sensitive cell by forming a voltage-gated channel
in its inner or cytoplasmic membrane. These plasmid-
encoded toxins enter cells by parasitizing receptors in the
outer membrane that normally function to facilitate active
transport of large metabolites, such as iron–siderophore
complexes and vitamins. The toxins then utilize the Tol
or Ton intermembrane translocation systems in E. coli to
reach the cytoplasmic membrane [2].
The toxic function of channel-forming colicins stems 
from their insertion into the cytoplasmic membrane, where
they form a voltage-gated channel that translocates mono-
valent ions (Na+, K+ and Cl–) with a single channel con-
ductance greater than 106 ions channel–1sec–1 [3,4]. This
level of conductance is sufficient for a single colicin pore
to overcome the proton-pumping capacity of an E. coli
cell [5,6] and to depolarize the membrane. The resulting
cascade of effects, including inhibition of active transport
[7] and depletion of intracellular stores of ATP, potassium
and phosphate [7–10], eventually causes cell death.
Channel-forming colicins have three functional domains,
each of which is linked with at least one functional step 
in colicin attack. The domain order is the same in all
channel-forming colicins — the N-terminal domain medi-
ates translocation across the cell envelope, the middle
domain contains the receptor-binding moiety and the C-ter-
minal domain forms the membrane channel. These three
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domains of the colicin molecule are shown schematically 
in Figure 1, labeled T, R and C. The central R domain 
of 100–150 residues [11–13] interacts with an outer-mem-
brane receptor. The R-domain of colicin E1 interacts with
the btuB (vitamin B12) receptor (Fig. 1a) [14,15]. The N-ter-
minal T domain of approximately 200 residues mediates
translocation of the active C-terminal domain from the
outer membrane through the periplasmic space to the cyto-
plasmic membrane. For colicin E1, this translocation occurs
via the Tol protein translocation network [16,17], with the
N-terminal 34 residues of the toxin interacting with the tolA
gene product (Fig. 1b) [18]. The C-terminal C domain, the
structure of which is the subject of this study, consists of
170–190 residues that form a voltage-gated channel in the
cytoplasmic membrane of the target cell. This channel is
believed to be  positioned near adhesion zones, at which
the cytoplasmic and outer membrane are in close proximity
(Fig. 1b).
An examination of the sequences of the channel-forming
colicins indicates the presence of a number of sub-families
within these toxins. For example, the colicins that use
the same translocation apparatus show similarities in their
N-terminal domains, and those sharing the same outer-
membrane receptors show similarity in their central
domains. A different subclass of colicins can be defined
on the basis of the sequences of the channel-forming
domain. These domains divide into two groups, based on
the absence or presence of an additional 10-residue
segment in the sequence, which contributes to the central
hydrophobic hairpin structure. Colicin E1 is the typical
member of the ‘E-type’ colicin group, which has the
shorter hydrophobic hairpin segment. A summary of rep-
resentative sequences of the E-type (colicin E1, 10 and Ia)
and the A-type (colicin A, B and N) C-terminal channel-
forming domains, is shown in Figure 2.
Three different channel-forming colicins, E1, A and Ia,
have been studied by structural methods. The crystallo-
graphic structure of the 204-residue C-terminal domain of
colicin A has been solved at 2.4Å resolution [19,20]. Pre-
liminary structural analysis of a low-resolution (4Å) map
from crystals of the entire colicin Ia molecule predicted 
an extended structure for the molecule, consistent with
hydrodynamic measurements of the channel-forming col-
icins [21]. Recently, the structure of the whole colicin Ia
has been solved at 2.8Å resolution [22]. This structure
confirms the initial data that indicated an elongate struc-
ture, as shown schematically in Figure 1. Here, we present
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Figure 1
A schematic representation of the import and translocation of colicin
E1 into a sensitive E. coli cell. ‘om’ indicates the outer membrane and
‘im’ the inner (cytoplasmic) membrane of the cell. In (a) the colicin
molecule in solution, containing the translocation (T), receptor-binding
(R), and channel-forming (C) domains, initially binds to the vitamin B12
receptor (btuB gene product) in the outer membrane of the E. coli cell.
(b) Translocation across the cell envelope is accomplished by the
interaction of the translocation domain (T) of the colicin with the Tol
cellular translocation proteins at adhesion zones in the membrane. A
direct interaction of colicin with Tol A, the membrane-anchored
component of the Tol system that may span the periplasmic space, has
been demonstrated [17]. Tol C, located in the outer membrane in
close proximity to the BtuB receptor protein, and Tol Q and R, located
in the inner membrane, have also been shown to be necessary for
colicin function. The interaction between colicin E1 and these proteins
presumably facilitates the insertion of its channel-forming domain (C)
into the inner membrane.
the structure of a 190-residue, genetically engineered,
C-terminal domain of colicin E1 (P190) at 2.5Å resolution. 
The structures of the colicin A channel-forming domain
and that of colicin E1 described below reveal a 10-helix
bundle with a central hydrophobic hairpin that has been
proposed to be the primary attachment point for mem-
brane-channel formation [23]. This structural motif is seen
in a number of other bacterial toxins, such as diphtheria
toxin, exotoxin A, and insecticidal d toxin [24]. Each of
these proteins has at least one domain with an internal
hydrophobic hairpin that forms the core of the domain in
the soluble protein. After the toxic molecule undergoes a
conformational transition at the membrane surface, expos-
ing this portion of the structure, the hydrophobic hairpin
is believed to form a transmembrane anchor. Channel-
forming colicins require an acidic pH in vitro [24], which
potentiates binding and insertion into anionic membranes
by increasing the net positive charge on the protein and
loosening the structure of the channel-forming domain
[25,26]. Similarly, other toxins, such as diphtheria [27,28],
tetanus [29] and exotoxin A [24], are taken into cells by
endocytosis and activated by the acidic pH of the endoso-
mal compartment to insert one or more hydrophobic
helical segments into the membrane. 
Colicins, like their isolated C-terminal channel-forming
domains [30], are soluble in the extracellular or extramem-
brane aqueous phase, but become integral membrane
proteins when they form conducting transmembrane
channels. We envision that the transition from the soluble
to the membrane-bound open-channel state involves 
at least three intermediate states: a membrane surface-
docked form (‘surface-attached form’), the structure of
which is little changed from the soluble state, a partly
unfolded membrane-associated intermediate with a rela-
tively short lifetime (‘transient surface-bound form’), and
a membrane-bound closed-channel intermediate state that
forms in the absence of a membrane potential (‘mem-
brane-bound form’). In the last of these intermediate
states, the channel-forming domain binds tightly to the
membrane surface with a nanomolar Kd [31,32]. This tran-
sition from the soluble to the membrane-bound state
clearly involves a large structural change, which is driven
by both electrostatic and non-electrostatic binding forces
[31,32]. A structural description of the distinct and very
different structures of the channel-forming domain, in its
initial soluble state and subsequent membrane-associated
states, is essential for an understanding of the details 
of the soluble to membrane-bound structural transition.
The present work describes the structure of the water-
soluble state of the colicin E1 channel-forming domain,
which suggests a hypothesis for some of the structural
changes that accompany the transition between the
soluble and membrane-bound states of this bacterial
toxin-like molecule.
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Figure 2
Sequence alignment of representative channel-forming domains of
(a) E-type (E1, 10, Ia) and (b) A-type (A, B, N) colicins. Only three of
the six E-type colicins found in E. coli (E1, 5, 10, K, Ia and Ib) are
shown. The numbering of the residues in (a,b) is for colicins El and A,
respectively. Indicated positions of the a helices were taken from the
present study for the E-type colicins and the work of Parker et al. for
the A-type colicins [20]. Helix 1 is indicated for the refined colicin E1
structure; the extended version of this helix would start at residue 333.
The hydrophobic segments, which includes helices 8 and 9 of colicin
E1 and A are in bold. Asterisks denote residues conserved in all E- or
A-type sequences; aspartate/glutamate and lysine/arginine are
considered identical for this alignment.
										 
          340        350        360        370        380
            |          |          |          |          |      
                   **        *      *  *       * * *    *      
E1 ENLKKAQNNL LNSQIKDAVD ATVSFYQTLT EKYGEKYSKM AQELADKSKG 
10 IKLKEAKDAL EKSQVKDSVD TMVGFYQYIT EQYGEKYSRI AQDLAEKAKG 
Ia KIAEEKRKQD ELKATKDAIN FTTEFLKSVS EKYGAKAEQL AREMAGQAKG 
                    [-----Helix1-----]  [----Helix2---]     

          390        400        410        420        430
            |          |          |          |          |      
        * ***    ** *     **    **   *  **                     
E1 KKIGNVNEAL AAFEKYKDVL NKKFSKADRD AIFNALASVK YDDWAKHLDQ
10 SKFNSVDEAL AAFEKYKNVL DKKFSKVDRD DIFNALESIT YDEWAKHLEK
Ia KKIRNVEEAL KTYEKYRADI NKKINAKDRA AIAAALESVK LSDISSNLNR
        [----Helix3----]      [--Helix4--]     [Helix] [Helix
                                                  5a      5b

          440        450        460        470        480
            |          |          |          |          |      
     *     *       *       *   *  * ** *   *            
E1 FAKYLKITGH VSFGYDVVSD ILKIKDTGDW KPLFLTLEKK AADAGVSYVV
10 ISRALKVTGY LSFGYDVWDG TLKGLKTGDW KPLFVTLEKS AVDFGVAKIV
Ia FSRGLGYAGK FTSLADWITE FGKAVRTENW RPLFVKTETI IAGNAATALV
   ---]             [--Helix6--]     [--Helix7--]   [----

          490        500        510        520   
            |          |          |          |    
      **   *    *  *                      *    **
E1 ALLFSLLAGT TLGIWGIAIV TGILCSYIDK NKLNTINEVL GI 522
10 ALMFSFIVGA PLGFWGIAII TGIVSSYIGD DELNKLNELL GI 490
Ia ALVFSILTGS ALGIIGYGLL MAVTGALIDE SLVEKANKFW GI 626
   Helix8-]       [---Helix9---]        [Helix]
                                           10       
 

           400        410        420        430        440
            |          |          |          |          | 
   *    **  *  * **      *** ** **  ***   ** *   * ** **
A  EKAKDERELL EKTSELIAGM GDKIGEHLGD KYKAIAKDIA DNIKNFQGKT
B  EQENDEKTVL TKTSEVIISV GDKVGEYLGD KYKALSREIA ENINNFQGKT
N  EKEKNEKEAL LKASELVSGM GDKLGEYLGV KYKNVAKEVA NDIKNFHGRN
        [-------Helix1--------]   [----Helix2-----]

           450        460        470        480        490
            |          |          |          |          |
   ***  *** *  **  ***   * *  ****  *****   *  ** **   * 
A  IRSFDDAMAS LNKITANPAM KINKADRDAL VNAWKHVDAQ DMANKLGNLS
B  IRSYDDAMSS INKLMANPSL KINATDKEAI VNAWKAFNAE DMGNKFAALG
N  IRSYNEAMAS LNKVLANPKM KVNKSDKDAI VNAWKQVNAK DMANKIGNLG
      [--Helix3--]          [--Helix4---]   [--Helix5--]

           500        510        520        530        540
            |          |          |          |          |
   * ** **    *    ***** *** ****** * ******    *    **
A  KAFKVADVVM KVEKVREKSI EGYETGNWGP LMLEVESWVL SGIASSVALG
B  KTFKAADYAI KANNIREKSI EGYQTGNWGP LMLEVESWVI SGMASAVALS
N  KAFKVADLAI KVEKIREKSI EGYNTGNWGP LLLEVESWII GGVVAGVAIS
          [-----Helix6-------]   [---Helix7---]    [------

           550        560        570        580        590
            |          |          |          |          |
    *   *        *       *  *           **        *  *
A  IFSATLGAYA LSLGVPAIAV GIAGILLAAV VGALIDDKFA DALNNEIIRP AH 592
B  LFSLTLGSAL IAFGLSATVV GFVGVVIAGA IGAFIDDKFV DELNHKIIK     510
N  LFGAVLSFLP IS-GLAVTAL GVIGIMTISY LSSFIDANRV SNINNIISSV IR 387
   Helix8------]    [-----Helix9------]    [-Helix10--]
(a)
(b)
As described below, the X-ray crystallographic structure
for the P190 C-terminal channel-forming domain of colicin
E1 has been solved at 2.5 Å resolution. Crystallization of
three forms of the colicin E1 channel-forming domain at
neutral pH has been previously reported [33]. In this
paper, the position and function of critical amino acids
in the structure that are conserved in E-type channel-
forming colicins are discussed in the context of the large
conformational changes experienced by a colicin molecule
as it binds to, and inserts into, the membrane. Additional
information from a comparison of the helical positions in
this structure to those of an A-type colicin [20] suggests
roles for the helical units in colicin function. A model for
the initial steps of membrane attachment and inser-
tion is proposed based on these structural considerations. 
The crystal structure of the colicin E1 channel-forming
polypeptide, combined with spectroscopic and kinetic
data on colicin channel binding and insertion can eluci-
date the physical interactions that allow this toxin-like
protein to fold into both a soluble and a membrane-bound
state. This structure also provides insights into the mech-
anistic details of the insertion of toxin and toxin-like
proteins into membranes. 
Results and discussion
Structure solution and statistics
Co-crystallization of the native P190 channel-forming
domain with the heavy-atom reagent diphenyl mercury
was designed to produce a derivative of the single cysteine
at residue 505 in the sequence. Although a number of mer-
curials were tested, with stronger substitution obtained
from compounds having some hydrophobic qualities,
diphenyl mercury gave the best crystals, which were indis-
tinguishable in morphology and quality of diffraction from
crystals of the underivatized polypeptide. The Patterson
maps from this derivative were very clean, and a single-site
solution was easily extracted. However, phases based on 
a single-site heavy-atom position in the space group I4
were centric, because one site does not define the origin
along the c axis. Extensive searches for other derivatives
produced either single-site substitutions identical to the
diphenyl mercury or destroyed the crystal diffraction
pattern. The second best derivative produced was a tung-
sten derivative that required carefully controlled soaking
conditions and resulted in a crystal of much poorer quality
overall, so that data were limited in extent and resolution.
Phases from this derivative were relatively weakly deter-
mined, but its combination with the anomalous data from
the diphenyl mercury derivative allowed the centric domi-
nated phases from the diphenyl mercury derivative to be
broken (Table 1).
Overall statistics for the refinement of the structure of 
the P190 channel-forming domain are shown in Table 1.
The Ramachandran plot for this final structure (Fig. 3a)
shows the tightly grouped helical residues in the a region.
Extended structures in loops fall loosely into the b region,
with two residues (Ala472 and Asp509) highlighted as
having unusual backbone angles. The most favored regions
comprised 93.3% of the residues, and the overall structure
geometry lies within the acceptable ranges for a 2.5Å solu-
tion [34].
The number of water molecules included in the final
refinement is low. This is due both to the small number of
clearly defined water molecules in the difference maps,
which is linked to the level of resolution of the data, and
also to an intentional exclusion of solvent molecules in the
density region that would be occupied by the extreme
N terminus of helix I (residues 333–346). Although the
refinement has clearly converged to an overall well-
defined structure, portions of the colicin E1 channel-
forming domain are somewhat less well defined, as
reflected in the temperature factors (Fig. 3b). Residues
that compose the N-terminal portion of helix I (333–344)
showed such high temperature factors, with correspond-
ing disordered density, that they were removed early in
the refinement in order to facilitate convergence. Later,
2Fo–Fc and Fo–Fc maps, calculated both to high resolution
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Table 1
Data collection, phase determination and refinement statistics.
Native Diphenyl Tetrathio 
mercury tungsten
Data collection
Average I/s 12.4 12.5 7.4
Resolution (Å) 2.5 2.5 3.3
Unique reflections 6687 5048 1591
Completeness (%) 86.5 98.5 69.4
Rsym (%)* 3.5 4.4 7.2
Riso (%)† – 18.2 14.8
Phasing power‡ – 1.6 0.6
Number of sites – 1 1
Refinement
Final resolution (Å) 32–2.5
Rfactor (%) 18.2
Rfree (%) 28.4
Residues included 345–522
Disordered residues 333–344
Number of waters 24
Rms deviation 0.010
in bonds (Å)
Rms deviation (°) 1.5
RmsB bonds§ 2.5
(mainchain) (Å)
RmsB angles# 2.6
(mainchain) (°)
*Rsym = Σ|(Ihkl – <Ihkl> | / ΣIhkl, where <Ihkl> is the average of Ihkl over all
symmetry equivalents. †Riso = [ |Fnathkl – Fderhkl| ] / ΣFnathkl, where hkls included
are only those for which both native and derivative data are measured.
‡Phasing power = [(Σ |fH |2) / (Sε2)]½, where fH is the calculated heavy-
atom scattering amplitude and ε is the root mean square lack of
closure error. §RmsB bonds is the overall root mean square deviation
for bond temperature factor restraints. #RmsB angles is the overall root
mean square deviation for angle temperature factor restraints.
and with a cutoff at 4Å, did not show a clear density for
this portion of the structure, with multiple possible weak
indications of positions, none of which refined convinc-
ingly. Helix V (residues 421–434), which in this structure
is broken into two segments, and the V–VI loop (435–446)
also appear to be flexible, with universally high B factors
in the loop, although the density for this portion of the
structure was quite clearly interpretable. The relative
position of helix V in the structure is linked to that of that
of helix I, as described in the following section, suggest-
ing a functional flexibility in this portion of the colicin
E1 molecule.
Structure of the channel-forming domain
The structure of the channel-forming domain of colicin E1
is a bundle of 10 a helices, consisting of four approximately
antiparallel helical hairpins (helices I–II, III–VII, IV–VI
and VIII–IX), a helical segment (helices Va and Vb) that
runs across the bundle, and the C-terminal helix, helix X,
which is roughly parallel to the internal hydrophobic
VIII–IX helical hairpin at the core of the protein. A 
ribbon representation and a stereo diagram of the a carbon
backbone of the structure are shown in Figures 4 and 
5. The hydrophobic helical hairpin, corresponding to
residues 476–488 and 494–507, forms helices VIII and IX
(blue in Fig. 4) and is buried in the center of the structure.
The loops between the helices are generally small and
close to the body of the molecule. The main part of the
structure is cylindrical and has approximate overall dimen-
sions of 33Å in diameter and 40Å in length. The monomer
fold is compact, with the exception of the N-terminal helix
that protrudes from the body of the molecule as shown in
Figure 6a. Although the N-terminal 14 residues are not
included in the final refined model shown in Figures 4 and
5, due to the high flexibility of this segment of the struc-
ture, this extended helix is important in the I4 crystal
packing (Fig. 6b). As shown, eight monomers pack into 
the unit cell, such that there is a channel with a diameter 
of approximately 23Å along the fourfold symmetry axis
running throughout the crystal. Each monomer is relatively
isolated, as secondary structural elements or loops of one
monomer do not extend into neighboring monomers.
These channels through the crystal, and the tenuous mol-
ecular crystal contacts stabilizing half of the structure in the
area of the N-terminal helix, are believed to be responsible
for the observed fragility of the crystals.
Layers within the structure: units for unfolding
The structure of the colicin E1 channel-forming domain
can be described as a sandwich of three layers, each layer
made up of several helices. This arrangement was also
suggested for the channel-forming domain of colicin A
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Analysis of the refined structure of the colicin E1 channel-forming
domain. (a) Ramachandran plot for the refined coordinates of the
structure. Coordinates for residues 345–522 of the refined structure
were analyzed in the program PROCHECK [34] for proper geometry.
Two outliers are flagged by this analysis, Ala472, which appears to
have a well defined geometry in the electron-density map, and Asp509,
which lies in a poorly defined loop between helices IX and X. Overall
geometry is good, with 93.3% of the residues lying in the most favored
regions (darkest grey shading) of the Ramachandran plot.
(b) Individual B-factor plots for the refined colicin E1 channel-forming
domain structure. The dark lines represent the mainchain, and the light
lines represent the sidechain atoms. Regions of the structure with high
flexibility are indicated by the large B factors, such as in the region of
the helix V–VI loop and helices I and X.
[20]. The two outer layers made up of helices I, II and X
(layer A) and helices III, IV, VI, and VII (layer C) enclose
the hydrophobic hairpin, helices VIII and IX, which along
with helix V make up the inner layer B (Fig. 4). An
analysis of interhelical interactions shows strong hydro-
gen bonding and hydrophobic interactions between the
helices within each of these layers. Interlayer hydrophobic
interactions are strong between layers A and B, but few
interactions are found between layers B and C. A search
for cavities within the colicin E1 polypeptide, with the
program GRASP [35], found three internal cavities (shown
in yellow in Fig. 7). Two of these are minor, but the third
and largest cavity (232Å3) lies between layer C and the
hydrophobic hairpin. In the structure presented here, no
ordered water molecules can be seen within the large
cavity. These two structural features, the weak interac-
tions between layers B and C and the presence of the
large cavity between these layers, suggest that one of the
major steps in the conformational rearrangements that
follow docking of the channel polypeptide to the mem-
brane could involve movement of the helical layer C rela-
tive to the A–B helical unit, both of which may unfold on
the membrane surface. A similar GRASP calculation of the
cavities within the colicin A structure produces a corre-
sponding large cavity at the interface between A and B–C
(not shown). This supports the idea of the importance of
helical layer C in the unfolding of the channel-forming
domain at the membrane surface. 
Hydrophobic hairpin helices: anchoring the channel
Proposals for the action of channel-forming colicins have
considered the possibility of the helices in the soluble struc-
ture being distinct units that can be inserted into the mem-
brane to form the voltage-gated channel [19]. Therefore,
the length of the helical units and the connections that join
them in the channel-forming domain are of interest. The
structure of colicin E1 is predominantly a helical — 68.5%
(71.5%, if the full length of helix I is included) — and the
remainder of the structure is random coil. In the refined
structure, the helices range in length from five residues in
helices Va and X, to 16 residues (30 in the extended model)
for helix I (Table 2). These helices are numbered to corre-
spond to the ten helices in the colicin A channel-forming
domain structure [20]. The central hydrophobic helices
VIII and IX contain only 12 and 14 residues, respectively,
compared to 17 and 18 residues in the corresponding
helices of colicin A (Fig. 2). 
The minimum length for a transmembrane helical struc-
ture readily accommodated in a 25–30Å bilayer is 17–20
residues. The shortness of the hydrophobic helices in 
the colicin E1 channel-forming domain creates a problem
for the widely accepted inference that the preformed
hydrophobic hairpin of the soluble form, without any exten-
sion, becomes the transmembrane anchor of the membrane-
bound channel in the absence [23,36–40] and/or presence
[41] of membrane potential. It is possible that these short
helices could anchor the channel-forming domain by inser-
tion into the hydrophobic membrane core without fully
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Figure 4
Ribbon diagrams of the structure of the colicin E1 channel-forming
domain. Side view (a) and top view (b) of the structure showing the
three layers of helices in the structure. Layer A, containing helices I, II and
X, is colored in green, layer B, containing the hydrophobic hairpin loop of
helices VIII and IX, is colored in blue and layer C, containing helices III, IV,
VI and VII, is colored red. Helices Va and Vb, shown in grey, run across
the layers and so are not included in any one group. These and similar
plots were produced using the program MOLSCRIPT [59].
C
N
(a)
(b)
crossing the bilayer. However, if the hydrophobic helical
hairpin actually spans the membrane bilayer in the colicin
E1 channel, it is hypothesized that helices VIII and IX are
extended when the channel-forming domain binds and
unfolds on the membrane surface. Consistent with this
proposal is the finding that the a-helical content of the
surface-bound channel polypeptide, as measured by circu-
lar dichroism and infra-red spectroscopy, is substantially
(~25%) greater than that of the channel-forming domain in
solution (SD Zakharov et al., personal communication). This
extension could be formed from residues on loops connect-
ing the hydrophobic helices VIII–IX with the rest of the
structure. The pattern of polar and nonpolar residues in the
sequence between helices VII and VIII is consistent with
this theory. If helix VIII were extended by the addition of
five residues (472–476) in the sequence from the helix
VII–VIII connecting loop, and as many as ten residues from
helix VII, the additional helical turns would have a strict
amphipathic nature consistent with a helix in an ion mem-
brane channel. On the other hand, if the hydrophobic helix
IX is extended through the addition of residues 508–515 in
the IX–X loop, all but one (Ile508) of the eight added
residues are polar in nature. In this proposed extension of
helix IX, the polar residues would not all fall on one face 
of the extended helix as would be expected of an amphi-
pathic channel helix sequence. Even a short extension of
helix IX at its C terminus will include the positively
charged residues Lys510 and Lys512. However, the lysine
sidechain could still be accommodated in the membrane
bilayer, if the alkyl chain extended through the hydropho-
bic region and its charged end interacted with negative
polar head groups of the lipid bilayer.
Conserved positively charged residues: a surface for
electrostatic binding
The locations of conserved positively charged residues in
the structure were analyzed, as these residues are thought
to be important in the binding of the channel-forming
domain to the negatively charged head groups of the E. coli
inner membrane lipids. The channel-forming domain has
25 positively charged residues (24 lysines and 1 arginine),
which comprise the major group of conserved residues in
the protein (nine conserved lysine/arginine out of 41 con-
served residues; Fig. 2). Seven of these highly conserved
basic residues in the sequences of the seven E-type col-
icins, Lys395 and Lys397 (helix III), Lys402 and Lys403
(helix III–IV loop), Arg409 (helix IV), Lys453 (helix VI)
and Lys461 (helix VII) form a ring of positive charges on
one face of the channel-forming domain (Layer C in
Fig. 8a). Arg409, the only arginine residue in the colicin E1
sequence, which is also a conserved residue, appears addi-
tionally to stabilize the configuration of the III–IV loop
by forming a hydrogen bond with the backbone carbonyl
of Phe404. 
The two other conserved lysine residues in the E-type
channel-forming domain sequences reside at helix end
boundaries. Lys346, along with its conserved neighbor,
Asp347, is found at the boundary between the flexible
(not well ordered in the electron-density map) and the
structurally defined regions of helix I. Lys433 is also at a
helix boundary position at the end of helix Vb. This latter
conserved basic residue may contribute to the ring of posi-
tive charges on the C layer of the structure, although some
movement of helix V would be necessary to properly posi-
tion the charge.
The ring of conserved positively charged residues on layer
C of the channel-forming domain suggests that these basic
residues may have an important functional role in colicin
E1. We propose that this group of positive charges is criti-
cal in orienting the channel-forming domain of colicin E1
on the membrane surface, such that layer C is the pre-
ferred membrane-binding surface of the structure. This
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Figure 5
Stereo view of the a-carbon backbone of the
colicin E1 channel-forming domain shown as
a side view similar to that in Figure 4a, with
every tenth residue labeled for clarity.
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hypothesis is consistent with a prediction that seven posi-
tive charges on the channel-forming domain interact in
vitro with the anionic membrane surface at pH4.0 [32].
The potential profile of the surface charge distribution 
on layer C in Figure 8b shows a view of this domain from
the membrane surface. A strongly positive patch due to
the ring of lysine residues is seen on the surface, but the
presence of negatively charged patches indicates that the
neutralization of acidic residues, inferred to occur in in
vitro experiments at pH4.0, may also be necessary for
binding. 
The set of conserved residues on layer C of the colicin E1
channel-forming domain structure is different from the
ring of positively charged residues that were proposed 
to electrostatically orient the channel-forming domain of
colicin A on the membrane surface [19,38]. The ring iden-
tified in colicin A is located at the tip of the molecule,
surrounding the hydrophobic hairpin loop, with positive
charges located in helices I, IV, V, X and the III-IV loop.
In contrast to the parallel alignment of the E1 hydropho-
bic hairpin proposed in this study, it was suggested that
this ring of positive charge in colicin A would orient
the hydrophobic hairpin perpendicular to the membrane
plane. The interhelix loop of the hydrophobic hairpin
would then be adjacent to the membrane and poised for
insertion into the membrane surface. However, only one
of the eight residues in the positively charged ring of
the colicin A channel is conserved in the E-type colicin
channel-forming domain, making a similar model difficult
to sustain. 
If the entire surface of the channel-forming domain of
colicin E1 is examined, two striking patches of positively
charged residues can be identified. One of these is the
ring of basic residues located on layer C, which may form
the site of initial binding to the membrane. The other
patch of positive charge is the cluster of lysine residues
(379, 381 and 382) near the helix II–III loop, which caps
the hydrophobic helical hairpin at the end of the molecule
opposite the hairpin loop. The helix II–III loop is a region
that is particularly accessible to proteases both in the
soluble and membrane-bound forms of the molecule [42].
It has, therefore, been suggested that the II–III loop forms
a boundary in the membrane-bound state between the
C-terminal 140 residues of the channel-forming domain
which are in the membrane interface layer and/or inserted
into the bilayer and so inaccessible to proteases, and the
protease-accessible N-terminal 35–50 residues [42]. These
conserved lysines, therefore, may be a cis-side block to
mark the end of the inserted region of the channel-
forming domain.
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Figure 6
The extended helix I. (a) A ribbon model of the colicin E1 channel-
forming domain showing the extended helix I, which is thought to exist
in this crystal form in a flexible state. Helices I and II are shown in dark
blue to emphasize the 33° angle between these secondary structure
elements observed in our structure; all other helices are shown in light
blue. (b) The packing diagram of the I4 crystal form of the P190 colicin
E1 channel-forming domain. The main body of the molecule is shown
in blue in this view down the fourfold axis of the crystal. The extended
model for helix I is shown in yellow. The crystal contacts that involve
this helix can be seen to be critical to the packing. 
Hydrophobic interactions in layer C
An examination of the sequence alignments in Figure 2
indicates a greater variability in sequence in the E-type
(21% identity) than the A-type (46% identity) channel-
forming colicins. This variability allows an identification
of residues critical to colicin function, as in the case of the
conserved ring of positive charges on layer C. If the iden-
tity of all residues is considered, the pattern of con-
servation in layer C is reinforced. A majority of the 41
residues with complete identity in the E-type colicins are
located in the helices of layer C. One cluster is found in
helices III–IV (the 30 residues between 386–416) with
the remainder (7 in the 16 residues between 453–468)
in helices VI–VII. In both regions, conserved positive
charges tend to be located in the middle of the helices
with conserved hydrophobic residues at the ends. These
non-polar residues form a ladder of hydrophobic inter-
actions between the helix pairs in layer C that line one
side of the large cavity in the channel-forming domain
(Fig. 8c). Three lysine sidechains (397, 455 and 461),
which are part of the positively charged face of layer C,
also contribute their alkyl chains to the hydrophobic con-
tacts. Upon interaction with the membrane, these lysyl
alkyl chains may be perturbed by the electrostatic interac-
tions of the sidechains with the anionic membrane surface.
The membrane contact may also allow hydrophobic inter-
actions with the membrane surface to displace the inter-
helical hydrophobic contacts in layer C, facilitating the
disruption of this helical layer and the membrane insertion
of the hydrophobic hairpin in layer B. 
Helices I and II: a structural hinge
The helices in layer A of the E1 channel-forming domain
are not involved in direct contact with the membrane but
may also have an important role in channel formation. In
the initial MIRAS (multiple isomorphous replacement
with anomalous scattering) and solvent-flattened maps at
3.0Å, density for the N-terminal helix extended substan-
tially out from the globular body of the polypeptide.
Although this apparently flexible structure is not included
in the final refinement, the 30 residue extended helix I
acts as the connection to the receptor-binding domain in
the intact colicin E1 molecule. The MIRAS density sug-
gests that the N-terminal helix of this channel-forming
domain extends into the coiled-coil conformation of the
receptor-binding domain identified in the structure of the
colicin Ia molecule [22]. In colicin E1, the angle between
helices I and II is relatively open (33°) and results in helix
I extending away from the body of the molecule (Figs 6a,
9). This is different from the orientation of the helix I–II
pair in the colicin A polypeptide structure, where the two
helices are almost antiparallel (interhelical angle of 6°).
The large angle between these helices in colicin E1, and
the variation in the angle between colicins A and E1, sug-
gests that the I–II interhelical loop may act as a hinge
region for the helix I connector between the receptor-
binding domain and the channel-forming domain. The
movement of helix I away from the main body of the
structure allows helix V in colicin E1 to take up a different
position than in colicin A, so that it runs between helix I
and the rest of the structure, shielding the exposed
hydrophobic residues on helix VIII from solvent. 
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Figure 7
Cavities within the colicin E1 channel-forming domain structure.
Calculation of the internal (completely enclosed) cavities within the
colicin E1 channel-forming domain was done using the program
GRASP [35]. Three internal cavities were found between the layers of
the structure shown here in an end-on-view into the hydrophobic
hairpin loop. These cavities are illustrated by closed interior surface
contours and appear as yellow globular forms inside the structure. The
most significant of these cavities (232 Å3) lies between the
hydrophobic helices of layer B and the four helices of layer C, which
contains the conserved positive charge ring. Layers in the structure are
colored to correspond to Figure 4.
Table 2
Summary of helix lengths in the colicin E1 channel-forming
domain.
Helix number Residues Length
Helix I* 347–362 16
Helix II 365–378 14
Helix III 386–400 15
Helix IV 406–416 11
Helix Va 421–425 5
Helix Vb 428–434 7
Helix VI 447–457 11
Helix VII 461–471 11
Helix VIII 476–488 13
Helix IX 494–507 14
Helix X 516–520 5
*Extended helix I length as illustrated in Figures 6 and 9 is 30 residues.
The formation of a hinge by helix I and loop I–II that
connects the channel-forming domain to the rest of the
colicin E1 structure, suggests that this hinge is required to
properly position the surface-bound channel polypeptide
for insertion into the membrane bilayer. In the mem-
brane-docking orientation proposed for the E1 polypep-
tide, helix I is on the opposite face of the molecule from
the interface between layer C and the membrane surface.
Because helix I is at the end of one of the long helices,
which form the coiled-coil stalk of the whole molecule 
as described for colicin Ia [22], it would make sense that
this part of the multidomain colicin E1 structure would
remain furthest from the membrane surface. Therefore,
we propose that the function of the I–II hinge is to give
the channel-forming domain the flexibility to rotate to an
appropriate docking orientation with respect to the cyto-
plasmic membrane.
If helix I serves as a hinge point for the intact molecule as
suggested above, it is not clear if this region is actually
necessary for activity of the channel-forming domain.
There has been some debate in the literature about the
minimum size of the channel-forming domain necessary
for function. Early studies suggested channel activity asso-
ciated with a 94-residue C-terminal colicin E1 fragment
[43]. Such a channel-forming polypeptide would have
excluded helices I–IV as functional parts of the channel-
forming domain. Activity has also been reported in a
452 Structure 1997, Vol 5 No 3
(a)
(b)
(c)
W460
I454
F464
L465
V386
F393K461
L390
K397
I451
V448 V419
L416
L452
K455
F413
Helix III
Helix IV
Helix VI
Helix VII
K403
K406
K453
K461
K397
R409
K402
K395
N
C
Figure 8
Proposed layer C interactions with the membrane. (a) Positions of the
conserved charged residues on the face of layer C in the colicin E1
channel-forming domain structure. The positions of the individual
conserved positively charged amino acids (ball-and-stick
representation) are superimposed on a ribbon diagram of the structure,
color coded for the helical layers as shown in Figure 4. An additional
positive charge in the colicin E1 structure that lies on this layer is
included to complete the profile of the strong positive charge on this
face of the molecule. This figure illustrates the probable orientation of
the channel-forming domain when it contacts the membrane (location
at the bottom of the figure). Note that in this configuration, the
hydrophobic helices are parallel to the membrane surface, requiring a
large structural rearrangement involving layer C in order for the
hydrophobic anchor to penetrate the membrane. (b) The surface-
charge map of the channel-forming domain from a view perpendicular
to layer C. The concentration of positive charges on the surface of
layer C can clearly be seen in this ‘view from the membrane’. Positions
for the eight positively charged residues (blue) illustrated in (a) are
marked. It is also clear that membrane attachment of this domain
would be aided by the neutralization of the negative charges (red) on
one side of this face, an effect which can occur near the membrane
surface or with a change of pH, as observed in in vitro studies. The
surface-charge map was calculated with the program GRASP [35].
(c) Hydrophobic contacts within layer C. The residues that form the
ladder of hydrophobic contacts between helices III–VII and IV–VI in
layer C are shown in a view from inside the large cavity, represented as
ball-and-stick models (C = yellow and N = blue). The hydrophobic
contacts in the helix III–IV pair are highly conserved (Val386–Leu465,
Leu390–Phe464, Phe393–Trp460), where the ones in the helix IV–VI
pair are more variable (Phe413–Ile454, Leu416–Ile451/Leu452,
Val419–Val448). The alkyl chains of three lysine residues (397, 455
and 461) mediate some of these hydrophobic contacts. The
hydrophobic contacts in layer C may be disrupted and replaced by
membrane hydrophobic interactions when the channel-forming domain
binds the membrane.
fragment of colicin A corresponding to the 135 C-terminal
residues of colicin E1, which would exclude only helices I
and II [44]. In both cases, helical layer A of the structure
would be entirely missing, exposing that side of the
hydrophobic hairpin to solvent, in the absence of other
structural rearrangements. In retrospect, it is difficult to
use the truncated mutant data to infer the true start of the
‘essential’ channel-forming domain because information
on the efficiency of channel activity was not provided in
these experiments. 
In the absence of convincing experimental data on trun-
cated channel-forming domains, there is some recent com-
pelling evidence to suggest an essential role for helix I in
membrane binding and channel function. Studies on the
translocation of biotin-labeled residues of colicin Ia across
a membrane bilayer demonstrated that residue 474 of
colicin Ia could be trapped on the trans side (correspond-
ing to the cytoplasmic side of the membrane in vivo) by
streptavidin [45]. Residue 474 of colicin Ia corresponds to
Met370 in colicin E1, which is at a position in the middle
of helix II. If this residue crosses the membrane in the
open channel state, approximately 15–20 more residues are
needed to span the membrane bilayer. Under the assump-
tion that colicins E1 and Ia behave similarly in channel
formation, the trapping experiment [45] would imply that
residues extending at least to the conserved Phe residue
355 in helix I might span the bilayer. Therefore, if the
N terminus remains on the cis side of the membrane, helix
I must participate in this span. 
Comparison of the structures of the channel-forming
domains of colicin E1 and A
The structure of the colicin E1 channel polypeptide has
many similar features to the channel-forming domain of
colicin A [20]. Firstly, the overall fold and connections in
the three layers of helices with the central hydropho-
bic hairpin are maintained (Fig. 9). Helix I appears dra-
matically longer in colicin E1, as the entire length of 30
residues is included to emphasize the proposed hinge,
although we believe that this helix extends into the con-
necting region in both structures. As expected, helices
VIII and IX that make up the hydrophobic hairpin in
colicin E1 are each shorter by one helical turn than in
colicin A, reflecting the difference of ten hydrophobic
residues between the sequences of the E-type and A-type
colicins (Fig. 2). The positions of the hydrophobic helices
are also a bit more splayed in the colicin E1 structure,
making the hydrophobic cavity between layers B and C
more extensive in this structure. One major difference
between E1 and A occurs in the region where helix I is
rotated away from the globular portion of the structure 
at an angle of 33° relative to helix II, with helix V
unwound and kinked at the center, and moved to cover
the hydrophobic face of helix VIII. Using the hydrophobic
hairpin and the loop connecting the hydrophobic helices
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Figure 9
A comparison of the structures of colicin E1
(left) and colicin A (right) channel-forming
domains. The helices in both structures are
represented as cylinders and labeled as I–X.
The overall similarity in fold of these two
molecules is apparent, although clear
changes in the length and position of the
helices can be seen. In this view the change in
the relative positions of helices I and II is
emphasized, with the more open angle of 33°
in the colicin E1 structure. The break and
displacement of helix V to cover the
hydrophobic portion of helix VIII, uncovered by
the change in location of helix I, is also
apparent in the colicin E1 structure.
as the principal determinant for alignment, the structures
of the colicin E1 channel-forming domain and that of
colicin A were superimposed. This superposition revealed
that in general the arrangement of the helices in colicin
E1 is similar to that found in the colicin A structure,
although interhelical packing angles differ substantially.
The E1 polypeptide structure appears to be a generally
less compact and more open structure than the colicin A
structure. 
Transition of the channel-forming domain from the soluble
to the membrane-bound state
The soluble structure of the channel-forming domain of
colicin E1 shows a relatively compact structure with layers
454 Structure 1997, Vol 5 No 3
Figure 10
Binding and unfolding of colicin E1 channel-
forming domain on the anionic surface of the
membrane. Helices I–II (yellow), III–VII (red),
VIII–IX (green) and X (yellow) are
schematically portrayed for the soluble
structure. (a) Initial attachment of the channel-
forming domain to membrane surface by
electrostatic interactions, with subsequent
conformational changes of the positively
charged binding layer consisting of helices III,
IV, VI and VII (see text). (b) Channel-forming
domain unfolded on the membrane surface
with helices, now having a longer average
length than in the soluble channel
polypeptide, embedded in the surface
interfacial layer of the membrane [31]. The
number, helical extent and depth of insertion
of these hydrophobic and amphipathic helices
is unknown and is shown only as a schematic.
Helices I–II are shown to protrude from the
membrane surface where they are accessible
to proteolytic attack [42]. (c) State similar to
that described in (b), but with the hydrophobic
helical hairpin of the channel, derived from
helices VIII–IX of the soluble channel and
possibly extended by residues from helices VII
and X, inserted across the membrane bilayer.
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of amphipathic helices enclosing a central hydrophobic
hairpin. In the final membrane-bound state, which cor-
responds to the closed channel, the insertion of the
hydrophobic hairpin of helices VIII and IX has been sug-
gested to be in an orientation either parallel or perpendicu-
lar to the membrane surface. The membrane-bound state,
in which the hydrophobic hairpin as well as the other
amphiphilic or polar helices are bound at the membrane
surface or in the intermediate dielectric interfacial layer
[46], is termed the ‘pen-knife’ state [41,47]. An alternative
membrane-bound state, the ‘umbrella’ state [20] is gener-
ated by insertion of the hydrophobic hairpin into and
across the bilayer. It may be that both intermediates are
relevant to the pathway of binding/insertion.
On the basis of the structure of colicin E1, the following
pathway, dynamic aspects, and mechanism for the unfold-
ing or conformational change of the colicin E1 channel
polypeptide at an anionic membrane surface are proposed
(Fig. 10). In vivo, the channel-forming domain is oriented
to the membrane surface via the interhelical loop I–II
hinge that is connected to the receptor-binding domain
through helix I; this hinge allows the domain to rotate into
position on the cytoplasmic membrane. In vitro, and quite
possibly in vivo, the channel-forming domain is tangential
to, and initially bound at, the anionic membrane surface
through electrostatic attractions [31]. The domain is ori-
ented by the positive charges that occur in a patch or ring
on helices III–VII of the channel-forming domain, so that
helical layer C in the structure docks to the membrane
surface (Figs 8 and 10a). 
The hydrophobic hairpin, consisting of helices VIII–IX in
layer B of the channel-forming domain, will then be aligned
approximately parallel to the membrane surface on first
contact in the surface-attached form (Fig. 10a). Between the
hydrophobic hairpin and the membrane surface are helices
III and VII on one side of layer C and helices IV and VI on
the other. Initial stages of the docking of the domain to the
membrane surface would entail the penetration of layer C
into the non-polar head group region of the membrane. It is
proposed that the VIII–IX hairpin could insert into the
membrane interfacial layer, if layer C either breaks open or
is laterally displaced from layers A and B as an intact struc-
ture in the plane of the membrane. The large hydrophobic
cavity in colicin E1 between layer C and the remainder of
the molecule (Fig. 7) indicates weak interactions between
these layers of the channel-forming domain, which would
support either of these displacement events. In the case
where the helices of layer C break open, the hydrophobic
interactions that stabilize the helical pairs III–VII and IV–
VI would be replaced by competitive non-polar interactions
from the lipids. In addition, in the in vivo system, there
could also be some interaction of the layer C helices with
the TolQ and TolR proteins, which are essential to channel
formation, that results in increased accessibility of the
hydrophobic hairpin to the membrane surface. In either
case, we suggest there is a general unfolding of the channel-
forming domain on the membrane surface into a transient
surface-bound state with the hydrophobic hairpin still
approximately parallel to the membrane (Fig. 10b). This
spreading of helices on the membrane surface could also be
associated with rearrangements in helical segments, which
increase the helical content of the protein as observed (SD
Zakharov et al., personal communication), including the pro-
posed lengthening of the hydrophobic hairpin at the N-ter-
minal end of helix VIII and the C-terminal end of helix IX.
The hydrophobic hairpin helices may subsequently reori-
ent perpendicular to the membrane surface (the umbrella
state), forming the stable membrane-bound state that is
associated with the closed channel (Fig. 10c). 
Biological implications 
Channel-forming colicins, including colicin E1, are a
sub-family of bacteriocins secreted by bacteria to kill
sensitive strains of E. coli. These toxins enter cells by uti-
lizing the receptor and membrane-translocation machin-
ery of the cell, finally, de-energizing the cell by forming 
a voltage-gated channel in its inner membrane. Colicin
E1 is an unusual protein in that its function requires it
not to maintain a stable structure, optimized for catalysis
or binding, but instead to maintain a structure readily
convertible between a soluble and a membrane-bound
form. Structural studies of this molecule in several of its
functional states will allow investigation of the physical
interactions that allow these two very different types of
structures to fold using the same protein sequence. The
interactions and forces that drive the structural transi-
tion that occurs at the membrane surface, where the
colicin E1 channel-forming domain apparently must turn
inside-out to form the voltage-gated channel, are of par-
ticular interest. 
We have determined the X-ray crystal structure of the
channel-forming domain of colicin E1 at 2.5Å resolution.
This single domain retains the essential channel-forming
abilities of the intact molecule. The structure represents
the soluble form of the channel-forming domain before
it comes in contact with a biological membrane. The
channel-forming domain is a compact unit composed of
10 a helices, arranged in three layers (A–C), with a
central layer B composed of two hydrophobic a helices.
The ‘helical hairpin’ of layer B is believed to function as
an anchor in the membrane for the channel-forming
domain in its membrane-bound state. Examination of the
colicin E1 structure and the residues that are conserved
among the E1-like channel-forming colicins, and a com-
parison of E1 with the structure of the homologous
colicin A channel-forming domain, suggest that each
layer in the structure corresponds to a function in the
docking, unfolding and insertion events that occur when
this molecule contacts the membrane surface.
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Layer A, which contains the N-terminal portion of the
channel-forming domain, provides the connection to the
receptor-binding domain of the colicin E1 molecule. This
helical layer has a long N-terminal a helix (helix I) that
extends from the structure at an angle. The position of
helix I in the structure suggests that the interhelical loop
I–II may act as a hinge around which the channel
domain could rotate into position to contact the mem-
brane surface. Layer C, on the opposite side of the E1
molecule, contains a set of highly conserved positively
charged residues that could serve as the docking site 
for initial attachment to the negatively charged mem-
brane surface. This assignment would then determine
the docking orientation of the channel-forming domain
of colicin E1, with layer C lying next to the membrane
and layer B, containing the membrane anchor, lying
parallel to the membrane above the helices in layer C. A
large cavity that exists in the molecule between layers B
and C could allow these two portions of the structure 
to readily disengage from each other. A conserved set 
of hydrophobic residues that stabilize the interactions
between the helices in layer C may then be perturbed by
the presence of the membrane, causing the interactions
in layer C to weaken. The helices in layer C may then
spread out on the surface of the membrane, exposing the
hydrophobic hairpin anchor and allowing it to insert into
the membrane. These findings suggest a model for the
structural transition of the colicin E1 channel-forming
domain from a soluble to a membrane-bound form.
Mutagenesis and biophysical studies are required to
determine the accuracy of this model.
Channel-forming colicins kill cells by forming channels
in their cytoplasmic membranes. The mechanism by
which colicins are imported into membranes is believed
to have many similarities to the mechanism of import for
toxins such as diphtheria toxin and tetanus toxin, as well
as to the general problem of protein import. The struc-
ture of the channel-forming domain of colicin E1 sug-
gests a mechanism for the steps involved in channel
formation, providing additional insight into the mecha-
nism of insertion into membranes for these other impor-
tant virulence agents of human pathogens.
Materials and methods 
Purification and crystallization of the channel-forming domain 
The 190-residue P190 channel-forming domain of colicin E1 was
expressed in the pSKHY plasmid grown in cells of the overproducing
E. coli strain DM1187 [36]. In other experiments involving the use of
tryptic and thermolytic channel polypeptides, colicin E1 was produced
from the pDMS630 plasmid in JC411 cells induced by mitomycin C.
The P190 polypeptide from the cloned gene was purified by ion-
exchange chromatography on a CM-Sephadex 50 column equilibrated
with 50 mM sodium acetate buffer at pH6.0 and eluted with 0.1M NaCl
in acetate buffer, followed by passage through a Sephadex G-75 size
exclusion column, as previously described [33,42]. Crystals were
grown over seven days in sitting drops at 22°C from 5mg ml–1 protein
in 50 mM MES, pH 6.0, mixed with an equal volume of 25mM Tris-HCl,
pH 7–8, 100 mM NaCl or NaNO3 and 23–27% PEG 3350. These crys-
tals were difficult to handle and acutely temperature sensitive, cracking
readily when mounted or even when examined in the light microscope.
Stabilization of the P190 crystals for data collection required the slow
modification of the mother liquor to contain stabilizing amounts (2–3%)
of PEG 20,000.
Initial characterization of these crystals has been previously documented
[33]. The tryptic and thermolytic C-terminal channel-forming domains
and the similar P190 protein, directly expressed from a plasmid [36], 
all crystallize in space group I4 with a monomer in the asymmetric unit.
The unit cell parameters for these tetragonal crystals are a =102.8 Å,
c=35.6Å and VM =2.53Å3 Da–1 with a calculated solvent content of
51% for the tryptic and thermolytic channel-forming domain crystals
(187 or 180 residues) and a =87.1Å, c=59.3Å, and VM =2.47Å3 Da–1
with a calculated solvent content of 50% for the P190 channel-forming
domain crystals (190 residues). 
Preparation of derivative crystals
Given the fragility of the crystals of the colicin E1 channel-forming
domain, heavy-atom soaking experiments proved difficult and co-crystal-
lization approaches were pursued. A single site mercury derivative was
obtained, using the following procedure. The P190 channel-forming
domain at 20 mgml–1 was incubated for 7 days at 4°C with 17 mg of
diphenyl mercury dissolved in a solution of 17% glycerol, 8% MPD,
17mM sodium acetate, 0.25 M NaCl, 20 mM glycine, 20 mM glycyl-
glycine, 50 mM MES and 20 mM Tris, pH 6.4. Unbound mercury and
other reagents were removed from the covalently modified P190 by cen-
trifugation in a Centricon 10 000 (Amicon Corp.). For crystallization, the
derivatized protein at a concentration of 20 mgml–1 in 100 mM MES,
pH6.4, was set up in hanging drops under the same conditions used
with the unreacted polypeptide. The derivatized polypeptide was pre-
dicted to retain the native P190 structure as this form had full channel-
forming activity on planar membrane bilayers (FS Cohen, personal
communication). Roughly square crystals of the diphenyl mercury P190
grew to dimensions of ~0.5 mm3 and were identical in morphology and
unit cell parameters to underivatized crystals. Extensive soaking experi-
ments produced only one additional derivative, a tungsten derivative pre-
pared by soaking a 0.75 × 0.5×0.5mm crystal of the P190 polypeptide
overnight in 1 mM ammonium tetrathio-tungstate. 
Data collection and reduction
X-ray crystallographic data on the native and derivatized crystals of the
P190 channel-forming domain used to solve the structure were col-
lected at room temperature on an R-Axis II area detector with CuKa
radiation from a Rigaku rotating anode generator. Extensive attempts to
freeze crystals were unsuccessful, as the P190 crystals were intolerant
of all the standard cryostabilization solvents which resulted in the dif-
fraction pattern being highly mosaic. Crystals for the final data sets were
wet-mounted in capillaries on a bed of fibers surrounded by mother
liquor. In each case, the final native and derivative data sets were col-
lected from single crystals, as scaling between crystals was often diffi-
cult, indicating micro-heterogeneity in this crystal form. High- resolution
data were collected at a crystal-to-film distance of 150mm for a 135°
sweep in 1.5° frames with 10min exposures per frame. Mosaicity of 
the crystals was surprisingly low in the room temperature data (0.5°),
given the fragility of the specimen. All data sets were integrated with 
the program DENZO [48,49] and reduced with the CCP4 programs
ROTAVATA and AGROVATA [50].
Structure solution 
The structure of the channel-forming domain of colicin E1 was deter-
mined MIRAS (Table 1). Location of the single binding site for the
diphenyl mercury derivative was readily deduced from difference Patter-
son maps and a mercury anomalous difference Patterson map. The
single tetrathio-tungsten site was found by analysis of a difference
Fourier map based on the mercury derivative phases. Initial Patterson
and difference Fourier maps were calculated using the CCP4 suite of
programs [50]. Isomorphous scattering from the two derivatives along
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with anomalous scattering information from the mercury derivative were
used in the initial phase determination. Refinement of the heavy-atom
positions was done with the program MLPHARE [51] and gave a figure
of merit, to 3.0 Å, of 0.46 for acentric reflections (0.67 for centric reflec-
tions). Although the figure of merit was relatively low, these phases pro-
duced an interpretable electron-density map.
Map interpretation 
A polyalanine model of the structure of the colicin E1 channel-forming
domain was first built into the 3.0 Å electron-density map. The CCP4
program DM [50] was used for solvent flattening with a solvent content
of 30% and an initial protein mask generated by the program for the
electron density. The resulting map was improved by cycles of solvent
flattening, during which the solvent content was increased in steps of
5% to a final solvent content of 50%. During each round of solvent flat-
tening, phases were combined with the MIR phases using the CCP4
program SIGMAA [52]. Solvent flattening improved the quality of the
electron-density map considerably, resulting in interpretable sidechain
density for most of the structure. All main and sidechain atoms for the
190 residues of the structure were then built into the model using the
molecular graphics program O [53].
Model refinement 
The structural model for colicin E1 was refined using the program
X-PLOR [54,55], with intervening rounds of model adjustments. Initial
refinement of the model was done at 3.0 Å resolution. About one third
of the mainchain and sidechain atoms in the least well defined density
region were removed from the model refinement in the first cycles and
added back to the model as the density improved in 2Fo–Fc maps cal-
culated with SIGMAA weighted phases. The initial R factor for data
between 10 and 3.0 Å was 47%. 8% of the data (562 reflections) were
flagged as reflections set aside for cross-validation analysis [56,57]. In
initial rigid-body refinement of the structure, each helix was refined sep-
arately as a rigid group. The N-terminal helix was also divided into three
parts, each of which was refined as a separate rigid body. A standard
B factor of 30 Å2 was applied to all atoms. Energy minimization with
simulated annealing and positional refinement then brought the
R factor down to 33%. Diffraction data extending first to 2.8 Å and then
to 2.5 Å were included in additional steps in the refinement. A bulk
solvent correction and individual B factors were calculated when the
refinement was extended to include data past 2.8 Å (R value of 22.5%
and Rfree of 34.2%). Portions of the N-terminal helix that retained
unusually high B factors were then removed from the refinement model.
The programs GETPEAK_POS and WATS (Y Mueller, personal com-
munication) and X-SOLVATE from QUANTA [58] were used to identify
possible positive density peaks for water, resulting in the addition of 24
water molecules. Although the density for the majority of the molecule
is well defined, density for a few specific residues, particularly in the
region near Helix X, is poor. Electron density for the sidechains of
residues Ile345, Lys346, Lys436, Asp509, Lys510, and Lys512 is not
seen in the final 2Fo–Fc map and sidechain density for lysine residues
366, 381, 395, 426 and 469, and Glu518 is poor. The final refinement
of all data from 32–2.5 Å for the colicin E1 channel-forming domain
resulted in a final refined R value of 18.2% and Rfree of 28.4%. 
Accession numbers
Coordinates for the structure of the colicin E1 channel-forming domain
have been submitted to the Brookhaven Protein Data Bank.
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